This paper addresses the effect of some metal ions (e.g., Cu 2+ , Ni 2+ and Fe 2+ ) in their blends with cysteine (an environmentally friendly organic compound) on the inhibition efficiency (IE) of the corrosion of low carbon steel (LCS) in three different media, i.e., 0.5 M H2SO4 in the absence and the presence of 3.5 wt% NaCl or 0.5 M Na2SO4. The results obtained from both electrochemical impedance spectroscopy (EIS) and electrochemical polarization measurements indicated a significant increase in IE of cysteine in the presence of a few micro molar amounts of Cu 2+ ions instead of cysteine alone. On the other hand, blending cysteine with Ni 2+ or Fe 2+ decreased IE. That is IE reached ca. 90, 91 and 92% in the presence of 8 mM cysteine and 25 µM Cu 2+ ions in the first, second and third medium, respectively, compared to ca. 70%, 66% and 58% in the presence of cysteine alone (i.e., in absence of Cu 2+ ions). Moreover, polarization experiments indicated that cysteine and Cu 2+ ions blend acts as a mixed-type inhibitor for the corrosion of LCS. The formation of Cu(I)-cysteinate complex and/or cysteine SAM at Cu atop the LCS surface (as evident from EDX and SEM results) protects the metal surface from exposure to the aggressive chloride ions. IE of cysteine-Cu 2+ blend remains effectively high with time indicating its high stability in the applied chloride-containing acidic media.
INTRODUCTION
Alloys of carbon steel are the most commonly employed material in the construction of pipe work in the oil and gas production, such as flow lines and transmission pipelines [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . However, these materials are subjected to aggressive environments in oil and gas production plants which causes rapid destruction and disintegration of the pipelines due to corrosion phenomenon. This is a major problem related to its use in this area. For instance, internal corrosion of operating flow pipelines lead to failure disasters and safety incidents [12] [13] [14] .
The use of corrosion inhibitors is a proven methodology to control corrosion problems in processes include acid solutions such as pickling processes, industrial acid cleaning, oil and gas well acidizing and for removal of rust, scale and corrosion products [15] [16] [17] [18] [19] . However, environmental pollution caused by various categories of inhibitors is the incentive behind the development of ecofriendly corrosion inhibitors [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . In the last two decades, green corrosion inhibitors emerged as cheap, effective materials of zero or low negative environmental impact. Thus, the use of non-toxic corrosion inhibitors has also become one of the major selection requirements [20] [21] [22] .
In this regard, cysteine (an organic green compound, amino acid) is a promising candidate. It was employed as a corrosion inhibitor for several metals and alloys, such as Cu [24] [25] [26] , Pb-Ca-Sn ternary alloys [23] , Vanadium [15] , Fe and steels [16, 17] as well as Cr-Co-Mo alloys [18] . The inhibition efficiency (IE) of cysteine against the corrosion phenomenon depends on the pH of the solution and its composition together with the nature of the metal. [24, [26] [27] [28] [29] [30] [31] .
Cysteine (thiol-contining compound) shows a strong tendency to chemisorb at the surface of Au, Ag, and Cu [32] [33] [34] in such a way that the accessible surface area of the metal in contact to solution decreases and thus retards its corrosion rate [35] . Moreover, cysteine is physisorbed at Fe and carbon steel surfaces and reduces its corrosion rate in acidic media [16, 36, 37] .
The target in this study is to assess the inhibition efficiency (IE) of various cysteine-metal ions blends against the corrosion of low carbon steel (LCS) in three corrosive solutions (i.e., 0.5 M H2SO4 in the presence and the absence of 3.5wt% NaCL or 0.5 M Na2SO4) by the addition of a few (micro molar) amounts of Ni 2+ , Fe
2+
and Cu 2+ ions. The results of potentiodynamic polarization and the Electrochemical Impedance Spectroscopy (EIS) are presented. Moreover, Energy Dispersive spectroscopy (EDX) and Scanning Electron Microscopy (SEM) are used to characterize the surface and the species composition at the surface of the inhibited LCS.
EXPERIMENTAL

Solutions and Chemicals
L-Cysteine molecule, C3H7NO2S, (amino acid), 99% pure powder, was used as eco-friendly corrosion inhibitor. Three Corrosive media (electrolytes): (A) 0.5 M H2SO4, (B) 3.5wt% NaCl + 0.5 M H2SO4, and (C) 0.5 M Na2SO4 + 0.5 M H2SO4 were prepared by diluting concentrated sulfuric acid (98%) to a required concentration using deionized water and adding the calculated amount of the respective salt. The inhibitor stock solutions were prepared by dissolving the required amount of cysteine in the respective electrolyte. The three testing corrosive solutions containing different concentrations of cysteine (2, 4 or 8 mM of cysteine) in the absence and the presence of 25, 50 and 150 µM of Cu 2+ , Ni
2+
or Fe 2+ ions.
Metal alloy, corrosion cell and Devices
A rod of LCS alloy -with the following composition (wt. %): 0.068 C, 0.249 Si, 0.662 Mn, 0.015 P, 0.022 S, 0.027 Ni, 0.031Cu, 0.122 N, 98.62 Fe-has been used as the working electrode. The electrode was sealed by Teflon coat and epoxy resin leaving a two dimensional exposed surface area of 0.64 cm 2 . A graphite rod (1 cm diameter × 15 cm length) and a saturated calomel electrode (SCE) were used as the counter and the reference electrodes, respectively. The testing media were: 0.5 M H2SO4, 3.5 wt% NaCL + 0.5 M H2SO4, and 0.5 M Na2SO4, + 0.5 M H2SO4, A conventional three-electrode glass cell was used to carry out the electrochemical measurements using a Gamry Potentiostat (model Series-G 300) controlled with Gamry Fram work version 6.12, DC105 and EIS300 software. The impedance measurements were performed at a frequency range of 100 kHz to 0.1 Hz with a peak-to-peak amplitude of 10 mV using a.c. signals under the open circuit potential (OCP) conditions of LCS. The obtained impedance spectra were analyzed using EQUIVALENT CIRCUIT software.
Experiment Methodology
At the beginning of each experiment, the working electrode was polished on wet SiC papers of successively finer grades, washed with distillated water, degreased in ultrasonic-bath with ethanol and finally dried and then immersed in the test solution. The various electrolytes were prepared using distillated water and analytical grade chemicals. All data reported in this research (current, impedance, resistance) are with respect to the geometric surface area of the working electrode (0.64 cm 2 ). The electrochemical measurements were conducted at room temperature (25 ± 1 o C). EIS and polarization measurements were performed after attaining a steady value of the OCP by immersing the working electrode in the test solution for at least 30 min. The polarization curves were measured potentiodynamically at a scan rate of 5 mV/s starting from the OCP towards the cathodic direction (ca. -250 mV vs. OCP) then the potential scan was reversed to a final potential of ca. +250 mV vs. OCP. Scanning electron microscopy (FEI-SEM QUANTA 250) was applied to evaluate the sample surface corrosion. The EDX (Energy dispersive spectroscopy) spectra were used to investigate elemental composition of the corroded surface.
RESULTS AND DISCUSSION
EIS measurements
Electrochemical Impedance spectroscopy (EIS) technique was used to study the inhibition efficiency (IE) of cysteine against the corrosion of LCS and the influence of adding a few micromolar amounts of Cu 2+ ,Ni 2+ or Fe 2+ ions in three different electrolytes. An electrical equivalent circuit represented in Fig. 7 was used to simulate the EIS data and to determine the equivalent resistances, then the related efficiencies. The equivalent circuit consists of a parallel combination of a resistor, Rp, representing the polarization resistance and a capacitor, Cdl, represents the double layer capacity of the electrode/electrolyte interface, in a series with the solution resistance component (Rs). The relation between the impedance of applied circuit, Z, and the frequency of the a.c. signal (f), Rp, Rs, and CPEdl, is presented in equation (1) [38] :
where α is an empirical parameter (0 ≤ α ≤ 1) which indicates the extent of deviation from the ideal RCbehavior of the electrode/electrolyte interface. The surface of the LCS turns rough due to its corrosion in the acidic medium, thus, the capacitance is presented through a constant phase element (CPE). Tables  1-3 list the calculated parameters of the equivalent circuit in the three investigated media at various concentrations of cysteine in the absence and the presence of a few micromolar amounts of Cu 2+ ions.
Inhibition efficiency was then calculated using equation (2) [33-35, 39, 40] .
Where ( ) and ( ℎ.) are the polarization resistances in the absence and the presence of the inhibitor, respectively. 
Potintiodynamic and Weight-loss measurements
To further confirm the EIS data, potentio-dynamic measurements were conducted. Tables 4-6 list the corresponding corrosion current densities (Icorr.) (as estimated by extrapolation of the anodic and cathodic curves to the corresponding OCP). The corresponding IE values were calculated using Equation (3) [38] . Inspection of these tables reveals that cysteine-Cu 2+ ions caused a pronounced inhibitive effect, proving the enhancement effect of copper ions on cysteine inhibition against low carbon steel corrosion, consistently with the conclusions of Tables 1-3 . The enhancing effect of Cu 2+ ions on IE of cysteine against the corrosion of LCS is also evident from the results of the weight loss measurements which were carried out in the three media in the absence and presence of 8 mM of cysteine without/with 25 µM of Cu 2+ ions. Table 7 reports the values of corrosion rate (CR) and the corresponding IE values. The corrosion rate (CR, millimeters per year) was calculated from the equation (4) [41] :
Where W is the weight loss (g), t is the immersion time (hr), A is the surface area of the electrode (cm 2 ), ρ is the density of LCS (g −3 ), and K = 8.76 × 10 4 is the conversion constant that applied to express CR in millimeters per year when t, A, W and ρ values are expressed in the quoted units. IE is calculated using Equation (5) [42, 43] :
where Wo and Wi is the weight loss (g) of the tested low carbon steel metal in the absence and presence of the inhibitor at a specified concentration (i), respectively. Inspection of Table 7 reveals a significant reduction in CR with IE of 75, 70, and 65% in presence of 8 mM cysteine in the three media, respectively. Interestingly and consistently, with polarization and EIS data, IE increases up to 82, 88, and 82% in the presence of 8 mM cysteine together with 25 µM of Cu 2+ ions in the three media, respectively. 
Stability of Cu(II)-cysteine inhibitor blend in the three media
EIS experiments were conducted in the presence of 8 mM of cysteine and 25 µM of Cu 2+ ions in the three testing corrosive media (A, B and C) at various time intervals to assess its long-term stability.
The results are shown in Tables 8-10 and Figures 11-13 . The data in Tables 7-9 and Fig. 8-10 show that during the first hour of immersing of LCS in the three corrosive electrolytes, the inhibitor blend reached a maximum inhibition efficiency of 89.7%, 91.1%, and 91.5% respectively in the three media. The corrosion inhibition efficiency remains effectively unchanged at this high value for a prolonged immersion time of about 6 hours. This indicates a good stability of the cysteine-copper ions inhibitor blend in the three testing corrosive media. The long-lasting time of corrosion inhibition efficiency of cysteine-Cu 2+ ions blend can also be proved by the results of weight loss experiments. Weight loss results showed that during 21 hours of immersion time of the LCS samples in the three media in the present of 8 mM cysteine + 25 µM of Cu 2+ ions, the IE increases and remains at ca. 82, 88, and 82% respectively. 
Surface characterization
Scanning electron microscopy (SEM) was conducted to characterize inhibited sample surfaces and to evaluate the efficiency of inhibitor blend. The SEM results of the polished and corroded LCS samples are shown in Fig. 11 . The figure shows the sample surface scan results after one day of immersion in the three testing solutions (A, B and C) in the absence and presence of inhibitor blend. The results demonstrate that in the absence of the inhibitor in the testing solutions, the surface corrosion are relatively clearly higher and sample surfaces are severely damaged (Fig. 14-b,d ,f ) compared to the sample surfaces immersed in the corrosive solutions with the presence of inhibitor blend (Fig. 14-c,e,g ). These observations reveal that the inhibitor blend form a protection film on the LCS surface by adsorbed inhibitor molecules which prevents corrosive agents reaching the surface and thereby reducing the corrosion rate.
Corrosion inhibition mechanism and results of EDX
Presented results clearly show that cysteine-copper ions blend is an effective inhibitor of low carbon steel corrosion in the three testing corrosive media. The plots of potentiodynamic results in Fig.  (8,9 and 10 ) prove that the inhibitor blend performs as a mixed-type inhibitor, reducing both partial (oxidation and reduction) corrosion reactions. The mechanism of its inhibition performance is by forming a surface protection layer, by the formation of Cu(I)-cysteinate complex [44] [45] [46] [47] [48] and/or cysteine (SAM) self-assembled monolayer at Cu atop LCS surface [49] , which minimizes access of corrosive agents to the surface of low carbon steel due to the presence of a tight hydrophobic barrier. The inhibition efficiency depends on the surface coverage and then the concentration of adsorbed inhibitor molecules on the metal surface. In this regard to estimate the tight of the cysteine-copper ions blend inhibitor layer on the CS surface, EDX measurements were performed. EDX results shown in Table 11 indicate a significant increase in the weight percentage of carbon, oxygen, sulphur, nitrogen (which are the most element content of the inhibitor molecule) and copper elements on the surface of LCS sample immersed for 1 hour in the three corrosive media (A,B and C) in present of 8 mM cysteine and 25 µM Cu 2+ . These increasing of element percentages on the sample surface of low carbon steel are proportional with quantity of adsorbed inhibitor on the surface and then with the metal surface coverage. 
